The Hippo pathway has emerged as a conserved signaling pathway that is essential for the proper regulation of organ growth in Drosophila and vertebrates. Although the mechanisms of signal transduction of the core kinases Hippo/Mst and Warts/Lats are relatively well understood, less is known about the upstream inputs of the pathway and about the downstream cellular and developmental outputs. Here, we review recently discovered mechanisms that contribute to the dynamic regulation of Hippo signaling during Drosophila and vertebrate development. We also discuss the expanding diversity of Hippo signaling functions during development, discoveries that shed light on a complex regulatory system and provide exciting new insights into the elusive mechanisms that regulate organ growth and regeneration.
Introduction
Although growth is fundamental to animal development, surprisingly little is known about the mechanisms that control organ size (Neto-Silva et al., 2009; Stanger, 2008) . How, for example, do cells know when to stop dividing after an organ has reached its correct size? How do injured organs regenerate damaged parts, and how do cells sense that part of an organ is missing? Over the past two decades, much progress has been made in deciphering the mechanisms that are responsible for tissue patterning, while the mechanisms that control organ size have remained largely a mystery.
A puzzling but fascinating aspect of growth control in many animal species is that the number of divisions that a cell can undertake is often not programmed into organ progenitor cells, which may thus exhibit a variable number of cell divisions. This feature of growing tissues makes compensation for the loss of cells during development possible, a phenomenon referred to as regulative development. For example, mouse embryos that have been reduced to 10% of their normal size by administration of mitomycin C just before the onset of organogenesis engage a compensatory growth program, resulting in nearly normal sized embryos 48 hours later (Snow and Tam, 1979) . Compensatory proliferation also occurs in Drosophila imaginal discs. For example, larvae in which over 60% of imaginal disc cells have been ablated by X-rays produce normal sized adults (Haynie and Bryant, 1977) . Even more remarkably, some adult animals have the ability to regenerate missing parts: salamanders and crickets, for example, can regenerate entire limbs after amputation French et al., 1976) . A major conclusion from such compensation and regeneration experiments is that cell-to-cell signaling is required to regulate cell proliferation as a function of organ size. The identity of these signals, however, remains largely unknown (Affolter and Basler, 2007; Neto-Silva et al., 2009; Stanger, 2008) .
The recent discovery of the Hippo pathway as a key regulator of organ growth in Drosophila has generated much excitement, as it provides novel insight into the mechanisms that control organ size. In addition, the Hippo pathway is deregulated in many different types of cancers (for reviews, see Chan et al., 2010; Fernandez and Kenney, 2010; Zeng and Hong, 2008; Zhao et al., 2010a) . The Hippo pathway transduces signals from the plasma membrane to the nucleus, where it then regulates gene expression (for reviews, see Badouel et al., 2009b; Reddy and Irvine, 2008; Zhao et al., 2010a) . Although much progress has been made in understanding the molecular mechanisms of signal transduction between the core components of this cascade, other aspects of the Hippo pathway have been less well explored. Key unanswered questions include: What are the upstream regulators and biological roles of Hippo pathway regulation? How does the Hippo pathway interface with other global signals that control organ size and compensatory proliferation? What are the developmental outputs of Hippo signaling? And, what role does the pathway play in adult homeostasis and abnormal growth? In this review, we discuss recent findings from both Drosophila and vertebrate studies that shed new light on some of these questions.
The core Hippo pathway
The Hippo pathway is composed of a highly conserved core kinase cascade that is regulated by multiple upstream inputs and has multiple transcriptional outputs. Here, we briefly review the components of the core kinase cascade and the consequences of mis-regulated Hippo signaling in Drosophila and mammalian systems.
Hippo signaling regulates growth in Drosophila
Many of the known Hippo pathway components were discovered through genetic screens in Drosophila (Badouel et al., 2009b; Reddy and Irvine, 2008) . Loss of function of Hippo (Hpo) or of Warts (Wts), two kinases that lie at the center of the Hippo pathway, results in dramatic overgrowth of imaginal discs and of corresponding adult structures (Fig. 1A,B ) (Harvey et al., 2003; Jia et al., 2003; Justice et al., 1995; Pantalacci et al., 2003; Udan et al., 2003; Wu et al., 2003; Xu et al., 1995) . Animals with hpo mutant eye discs, for example, produce adults with severely overgrown eyes and heads that are folded and darker than normal. The hpo gene was thus named after its mutant adult head phenotype, which resembles the hide of the hippopotamus (Udan et al., 2003) . The identification of the Hpo kinase and the realization that Hpo forms a signaling module together with the scaffold adaptor protein Salvador (Sav) and with Wts marked the beginning of our understanding of the so-called 'Hippo pathway' in Drosophila ( Fig.  2A ). In Drosophila, loss of Hippo signaling in imaginal discs causes overgrowth because mutant cells proliferate faster than normal cells. They also continue to proliferate beyond normal disc size and are resistant to the pro-apoptotic signals that would normally eliminate extra cells (Harvey et al., 2003; Jia et al., 2003; Kango-Singh et al., 2002; Pantalacci et al., 2003; Tapon et al., 2002; Udan et al., 2003; Wu et al., 2003) . Thus, the Hippo pathway restricts cell proliferation and promotes the apoptosis of excess cells. Importantly, in imaginal discs, the Hippo pathway primarily affects the number of cells produced and has only minor effects on tissue patterning. Thus, the Hippo pathway is a key regulator of organ growth and tissue size in Drosophila.
Several other genes have since been added to the Hippo pathway in Drosophila and other systems, and a complex signaling pathway with positive and negative regulators has emerged (Fig. 2 , Table 1 ). At the center of the Hippo pathway are two kinases, the Ste20-like kinase Hpo and the nuclear Dbf2-related (NDR) family kinase Wts, that form a kinase cascade (Harvey et al., 2003; Jia et al., 2003; Justice et al., 1995; Pantalacci et al., 2003; Udan et al., 2003; Wu et al., 2003; Xu et al., 1995) . The Hpo and Wts kinases, together with their co-factors Sav (Salvador) and Mats (Mob as a tumor suppressor) (Kango-Singh et al., 2002; Lai et al., 2005; Tapon et al., 2002) and the Yorkie (Yki) transcriptional co-activator (Huang et al., 2005) , form the 'core' of the Hippo pathway. The mechanisms of Hpo and Wts action in this core are relatively well understood (Oh and Irvine, 2010; Reddy and Irvine, 2008; Zhao et al., 2010a) . When active, Hpo in complex with Sav phosphorylates Wts and its co-factor Mats, thereby activating Wts kinase activity Wu et al., 2003) ; the pathway is now considered to be in an activated state ( Fig. 2A ). Hpo can be deactivated by dephosphorylation of its activation loop by the protein phosphatase 2A (PP2A) complex Striatin-interacting phosphatase and kinase (STRIPAK) (Ribeiro et al., 2010) . Activated Wts/Mats phosphorylates Yki at three separate sites (S111, S168 and S250), thereby inhibiting its function (Dong et al., 2007; Huang et al., 2005; Oh and Irvine, 2008; Zhao et al., 2007) . Although phosphorylation at each of these sites contributes to the regulation of Yki, S168 is a particularly important site as its phosphorylation results in the binding of Yki to 14-3-3 phosphopeptide binding proteins, resulting in the retention of Yki in the cytoplasm thereby suppressing its transcriptional activity (Dong et al., 2007; Oh and Irvine, 2008; Ren et al., 2009) . Yki is also regulated by phosphorylation-independent mechanisms; direct interaction with Hpo, Wts and the upstream regulator Expanded (Ex) can suppress Yki activity, possibly by cytoplasmic retention (Badouel et al., 2009a; Ren et al., 2009) , although the physiological relevance of this mechanism is not known as these findings relied mostly on in vitro studies. When Yki is not inhibited, it localizes to the nucleus, complexes with transcription factors and induces the expression of target genes, such as the cell cycle regulator cyclin E, the inhibitor of apoptosis diap1, the growth promoter Myc and the growth and cell survival-promoting miRNA bantam, which drive cell proliferation and cell survival (Goulev et al., 2008; Harvey et al., 2003; Huang et al., 2005; Jia et al., 2003; Kango-Singh et al., 2002; Neto-Silva et al., 2010; Nolo et al., 2006; Pantalacci et al., 2003; Peng et al., 2009; Tapon et al., 2002; Thompson and Cohen, 2006; Udan et al., 2003; Wu et al., 2003; Wu et al., 2008; Zhang et al., 2008b; Ziosi et al., 2010) . Yki is thus a growth promoter, whereas Hpo, Sav, Wts and Mats act as tumor suppressors by suppressing the growth-promoting activity of Yki.
Hippo signaling in mammalian organ size determination
All of the core components of the Drosophila Hippo pathway have direct homologs (orthologs) in mammals (Table 1) . These include Mst1/2 (Stk3 and Stk4 -Mouse Genome Informatics; Hpo homologs) (Creasy and Chernoff, 1995a; Creasy and Chernoff, 1995b) , Sav1 (the Sav homolog) (Tapon et al., 2002) , Lats1/2 (Wts homologs) (Tao et al., 1999; Yabuta et al., 2000) , Mob1A/B (Mats homologs) (Bichsel et al., 2004; Chow et al., 2010; Stavridi et al., 2003) , and Yap and Taz (Yki homologs) (Kanai et al., 2000; Sudol, 1994) . Analogous to the core module in Drosophila, Mst1/2 and Lats1/2 form a kinase cascade, are regulated by Sav1 and Mob1A/B, and phosphorylate Yap and Taz ( Fig. 2B) (Chan et al., 2005; Dong et al., 2007; Hao et al., 2008; Hirabayashi et al., 2008; Lei et al., 2008; Oka et al., 2008; Praskova et al., 2008; Zhang et al., 2008a; Zhao et al., 2010b; Zhao et al., 2007) . Thus, the core components of the mammalian Hippo pathway act together in a signaling module as they do in Drosophila (Badouel et al., 2009b; Oh and Irvine, 2010; Zhao et al., 2010a) . However, although the evolutionary conservation of Hippo signaling is extensive, there are some differences in pathway components between flies and mammals, and the Hippo pathway appears to be more complex in mammals (see Table 1 footnotes).
In mammals, the first studies that connected Hippo signaling to organ size control employed a Yap overexpression strategy that mimics pathway inactivation and showed that the induction of Yap
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Development 138 (1) Fig. 1 . Hippo mutant phenotypes in flies and mice. (A,B)Scanning electron micrographs of (A) a wild-type fly and (B) a fly with clones of cells homozygous mutant for hippo that exhibit overgrowth of the adult cuticle (Udan et al., 2003) . (C)A mouse liver at 2 months of age from a wild-type animal and (D) a liver at 2 months of age from a mouse mutant in which both Mst1 and Mst2 (Stk3 and Stk4), two mammalian Hippo homologs, have been conditionally inactivated in the developing liver Lu et al., 2010; Song et al., 2010; Zhou et al., 2009 ). The double null Mst1/2 mutant liver is overgrown owing to an increase in cell numbers. REVIEW Development 138 (1) expression in the adult mouse liver leads to a dramatic three-to fourfold increase in liver mass as a result of increased cell numbers (Camargo et al., 2007; Dong et al., 2007) . Remarkably, when Yap overexpression is terminated, the liver rapidly reverts to its normal size, suggesting that intrinsic size control mechanisms are then activated, presumably to reduce cell numbers through an apoptotic process (Dong et al., 2007) . These studies infer that Hippo signaling is crucial for regulating the size of the mammalian liver, and that it acts through a mechanism that integrates global organ size control signals with the regulation of Yap. However, although the effect of Yap overexpression on liver size is dramatic, whether Hippo signaling is required to maintain liver size was not addressed by these studies. More recently, it has been reported that Mst1/2 and Sav1 function to maintain hepatocyte quiescence and to restrict liver growth postnatally (Fig. 1C ,D) Lu et al., 2010; Song et al., 2010; Zhou et al., 2009 ). Yap phosphorylation is significantly reduced in mst1/2 double mutant livers, suggesting that these kinases exert their effects through downstream core Hippo signaling components Lu et al., 2010; Song et al., 2010; Zhou et al., 2009 ). However, an unknown kinase may be responsible for phosphorylation and activation of Lats1/2 in liver cells and a kinase other than Lats1/2 may phosphorylate Yap in MEFs (Zhou et al., 2009 ). Thus, the majority of genetic and biochemical data show that the core components of the mammalian Hippo pathway act together in a signaling module as they do in Drosophila; however, there are also indications that the pathway may be more complex in mammals than it is in Drosophila.
Although these findings show that Hippo signaling functions in regulating the size of the liver, it appears that Hippo signaling, at least that mediated by the Mst1 and Mst2 kinases, does not regulate the size or growth of other mammalian tissues to the same degree (discussed in detail in Box 1). One possibility is that Hippo signaling is required to control growth in some contexts, whereas in others its primary role may be to regulate cell cycle exit, as has been shown in the case of the Drosophila optic neuroepithelia (Reddy et al., 2010) . Further studies will be required to fully address the role of Hippo signaling in mammals, including tissue-specific deletion of core Hippo signaling components in multiple organ systems and at different times during development and in the adult.
Hippo pathway regulation by multiple inputs
In systems that show regulative growth control, global organ size information must be transmitted to single cells, which then decide whether to continue or to stop proliferating. The phenotypes of Hippo pathway mutants demonstrate that this pathway has a key role in growth control, raising the possibility that its activity is dynamically regulated by global growth control signals. If this is the case, what are these signals and how are these translated into decisions made by single cells?
Recent studies have shed light on the dynamic nature of the regulation of the Hippo pathway, which can respond to specific developmental cues and to a variety of stress signals (Densham et al., 2009; Nishioka et al., 2009; Oka et al., 2008; Rogulja et al., 2008; Taylor et al., 1996; Willecke et al., 2008; Zecca and Struhl, 2010) . As we discuss below, these findings show that multiple inputs feed into the core of the Hippo pathway, and these inputs can act in both a coordinated and independent fashion. These inputs can also act at various levels within the cascade, and some are associated with the plasma membrane and might thus relay information from the extracellular milieu or from cell-cell contacts, revealing a complex network of regulatory mechanisms ( Fig.  2A,B) .
Although Hippo pathway activity can be perturbed by genetic mutations in Drosophila, it remains unclear whether the activity of the pathway is temporally or spatially patterned. In imaginal discs, for example, the core components of the Hippo pathway are ubiquitously required and Yki localization is largely uniform (Dong et al., 2007; Harvey et al., 2003; Huang et al., 2005; Jia et al., 2003; Kango-Singh et al., 2002; Oh and Irvine, 2008; Pantalacci et al., 2003; Tapon et al., 2002; Udan et al., 2003; Wu et al., 2003) . Thus, it appears that all cells in imaginal discs require Hippo signaling for normal growth regulation, and that Hippo pathway activity is uniformly distributed. Several negative-feedback loops exist in the pathway that may contribute to a balanced level of its activity (Genevet et al., 2010; Hamaratoglu et al., 2006) . It is thus unknown to what extent the Hippo pathway is constitutively active and is simply permissive for growth regulation, or whether it is regulated and transduces instructive growth controlling signals. However, several Hippo pathway inputs are modulated by external signals and may therefore convey information about imaginal disc size to core Hippo signaling components. These various inputs are discussed below.
The Fat branch of the Hippo pathway
Fat is a large atypical cadherin that regulates growth and planar cell polarity (PCP) (Bryant et al., 1988; Mahoney et al., 1991) (reviewed by Lawrence et al., 2008; Reddy and Irvine, 2008; Sopko and McNeill, 2009 ). Fat functions upstream of core Hippo pathway components to regulate growth ( Fig. 2A ), but it modulates planar cell polarity independently of Hippo signaling (Bennett and Harvey, 2006; Cho et al., 2006; Silva et al., 2006; Tyler and Baker, 2007; Willecke et al., 2006) . Fat localizes to the sub-apical region of the plasma membrane by a mechanism that involves the conserved protein Lowfat, which directly interacts with the Fat intracellular domain (Mao et al., 2009 ). The binding of Fat to its ligand Dachsous (Ds), another large atypical cadherin related to Fat (Clark et al., 1995) , promotes phosphorylation of the Fat intracellular domain by the Casein Kinase 1 homolog Discs overgrown (Dco) (Feng and Irvine, 2009; . The intracellular domain of Fat does not contain informative protein motifs and the molecular mechanism of subsequent signaling from Fat to the Hippo pathway is poorly understood. However, Fat signaling is known to require the myosin Dachs Cho and Irvine, 2004; Mao et al., 2006; Rogulja et al., 2008) , which accumulates at the membrane when Fat is inactive and which also requires the palmitoyltransferase Approximated (App) for its membrane localization (Matakatsu and Blair, 2008) . Dachs binds to Wts and influences its protein levels , and Fat/Dachs signaling also affects the levels of membrane-localized Ex,
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Development 138 (1) Tshz1-3 Zn-finger transcription factor Homothorax (Hth) Meis1-3, Prep1-2 Homeodomain transcription factor *The mammalian Mst1 and Mst2 kinases are activated by caspase cleavage that removes an inhibitory C-terminal domain (Graves et al., 1998) . Drosophila Hpo lacks consensus caspase recognition sequences and does not undergo a similar cleavage (Harvey et al., 2003; Jia et al., 2003; Pantalacci et al., 2003; Udan et al., 2003; Wu et al., 2003) . † Vertebrate Yap and Taz contain a C-terminal PDZ binding motif that is essential for Yap nuclear localization and pro-apoptotic signaling that is not present in Drosophila Yki (Kanai et al., 2000; Oka and Sudol, 2009) . Phosphorylation by Lats primes Yap and Taz for secondary phosphorylation by a distinct kinase, resulting in b-TRCP mediated ubiquitination and degradation Zhao et al., 2010b) . The corresponding phosphorylation sites are not conserved in Yki (Zhao et al., 2010a (1) thereby regulating the activity of the Hippo pathway (Bennett and Harvey, 2006; Feng and Irvine, 2007; Silva et al., 2006; Willecke et al., 2006) . Fat activity is regulated by interaction with Ds, and this interaction is modulated by phosphorylation of the extracellular domains of Fat and Ds by the kinase Four-jointed (Fj), which localizes to the Golgi (Bennett and Harvey, 2006; Brittle et al., 2010; Casal et al., 2006; Cho et al., 2006; Cho and Irvine, 2004; Ishikawa et al., 2008; Lawrence et al., 2007; Ma et al., 2003; Matakatsu and Blair, 2004; Matakatsu and Blair, 2006; Silva et al., 2006; Simon et al., 2010; Strutt and Strutt, 2002; Willecke et al., 2006; Yang et al., 2002) . Interestingly, Ds and Fj are expressed in complementary gradients in imaginal discs, such as the eye and wing discs (Clark et al., 1995; Villano and Katz, 1995) . The vector or direction of these gradients is important for the orientation of PCP in eye discs but may act redundantly with other PCP orienting systems in other tissues such as wing discs (Adler et al., 1998; Casal et al., 2002; Matakatsu and Blair, 2004; Rawls et al., 2002; Simon, 2004; Strutt and Strutt, 2002; Yang et al., 2002; Zeidler et al., 1999; Zeidler et al., 2000) . The regulation of Fat by Ds and Fj in the Hippo pathway, by contrast, is dependent on the steepness of their gradients (Rogulja et al., 2008; Willecke et al., 2008) . Intriguingly, Hippo pathway activity is suppressed in a cell when its neighbors express a different amount of either Ds or Fj. Thus, juxtaposing cells with different Ds or Fj levels cause the induction of Hippo pathway target genes, leading to cell proliferation on either side of the Ds/Fj expression boundary. This 'boundary effect' is unusual, in that the response of a cell is not proportional to the amount of Ds present, but rather depends on whether neighboring cells have either more or less Ds activity. The mechanism of this effect is not known but may involve the intracellular polarization of Dachs localization, which then modulates the core of the Hippo pathway (Mao et al., 2006; Reddy and Irvine, 2008; Rogulja et al., 2008) .
Fat signaling: mechanisms of tissue size regulation
The above findings suggest that the gradients of Ds and Fj are important for normal growth. Indeed, flies with uniform Ds and Fj expression have small wings and are smaller than normal (Rogulja et al., 2008; Willecke et al., 2008) . Two models, the polar coordinate model and the feed-forward model, have been used to explain how Ds and Fj control growth (Rogulja et al., 2008; Willecke et al., 2008; Zecca and Struhl, 2010) .
According to the polar coordinate model (Fig. 3) , tissue growth depends on the shape of positional information in a field of cells French et al., 1976; Lawrence et al., 2008) . During development, cells acquire positional information, e.g. by reading the concentration of a morphogen gradient, thereby establishing a gradient of positional information across a field. Neighboring cells then compare their positional information, and, if the values are too different, cells are stimulated to proliferate. New cells intercalate between existing cells, thereby decreasing the disparity of positional values between neighboring cells until the differential falls below a certain threshold, when cells stop proliferating. The polar coordinate model can thus explain how organs stop growing at the appropriate size: while the gradient of positional information is steep initially, its slope decreases owing to expansion of the tissue until the gradient can no longer drive growth. The polar coordinate model thus proposes the existence of signals that cells use to compare their positional information and that regulate cell proliferation. The Ds/Fj/Fat signaling system fits these criteria (see Box 2 for details): Ds and Fj are expressed in gradients reflecting positional information and they regulate growth depending on how different expression levels are between neighboring cells (Clark et al., 1995; Rogulja et al., 2008; Villano and Katz, 1995; Willecke et al., 2008) .
The Ds/Fj/Fat signaling system may also control the size of the Drosophila wing through the local recruitment of cells into the developing wing field by a feed-forward signaling process ( Fig. 4 ) (Zecca and Struhl, 2010) . In this model, Fat activity is suppressed in cells just outside of the developing wing field where the Fj and Ds gradients show maximal steepness. Suppression of Fat causes suppression of the Hippo pathway and activation of Yki, which reprograms these cells to become wing cells, thereby expanding the wing field. The newly recruited cells then upregulate Fj expression and downregulate Ds expression according to their new fate, which moves the expression patterns of Fj and Ds, thus initiating another round of cell recruitment.
The polar coordinate model and the feed-forward model are not mutually exclusive and both mechanisms appear to be important for growth control. However, replacing the endogenous Ds and Fj gradients with uniform expression does not completely eliminate growth during Drosophila development (Rogulja et al., 2008; Willecke et al., 2008) . Thus, other, currently unknown, mechanisms must exist that control growth in addition to the Ds/Fj/Fat signaling system. Whether these also act through the Hippo pathway is not known.
In mammals there are four Fat-related atypical cadherins (Fat1-4), with Fat4 being the ortholog of Drosophila Fat, two Ds homologs (Dchs1-2) and one Fj homolog (Fjx1) (Ashery-Padan et al., 1999; Nakajima et al., 2001; Rock et al., 2005; Tanoue and Takeichi, 2005) . Although there is evidence that the Fat1 cadherin plays a role in regulating focal adhesions and actin dynamics (Ishiuchi et al., 2009; Moeller et al., 2004; Tanoue and Takeichi, 2004) , and that Fat4 regulates planar cell polarity during kidney development (Saburi et al., 2008) , a connection between mammalian Fat-or Ds-related cadherins and the core mammalian Hippo pathway has not been Box 1. Hippo signaling in mammals: growth control or cell cycle exit? Overexpression of Yap (Camargo et al., 2007; Dong et al., 2007) and targeted deletion of Mst1/2 in the mouse liver (Lu et al., 2010; Song et al., 2010; Zhou et al., 2009 ) provide evidence that Hippo signaling has a pivotal role in regulating organ size, suggesting that Hippo signaling is a universal growth regulatory mechanism. However, other studies question whether Hippo signaling regulates growth in all mammalian tissues. Clearly, some tissues do not require Hippo signaling to regulate organ size. For example, the targeted deletion of Mst1/2 (Stk3/4) in mouse limb bud tissues has a relatively mild effect on the growth plate, but does not result in enlarged limbs . Furthermore, overexpression of activated Yap in the mouse small intestine leads to Notchdependent hyperplasia and loss of terminally differentiated cell types, but does not appreciably increase the overall size of the organ (Camargo et al., 2007) . Likewise, targeted deletion of the adaptor protein Sav1 (Salvador homolog 1) in various mouse epithelial tissues leads to hyperplasia and the loss of terminal differentiated phenotypes, including in the small intestine and skin, but does not result in markedly enhanced organ size (Lee et al., 2008) . These studies suggest that an important function of Hippo signaling in mammals might be to modulate cell cycle exit and terminal differentiation, as has been suggested in Drosophila neural development (Reddy et al., 2010) . How this is achieved at a mechanistic level is poorly understood. Additional studies in which the conditional deletion of core Hippo signaling components is carried out in a range of tissues will be required to resolve this issue. explored. However, the observation by Skouloudaki et al. (Skouloudaki et al., 2009 ) that depletion of zebrafish Yap suppresses the effect of Fat1 knockdown in pronephric development is consistent with a role for Fat-related cadherins in modulating Hippo signaling in vertebrate systems. Additional experiments are, however, necessary to determine whether this effect is mediated by core Hippo signaling components such as Mst1/2 and Lats1/2.
The Expanded, Merlin, Kibra complex
Another key upstream regulatory module that feeds into the Drosophila Hippo pathway is the Expanded/Merlin/Kibra (Ex/Mer/Kibra) complex ( Fig. 2A) (Baumgartner et al., 2010; Cho et al., 2006; Genevet et al., 2010; Hamaratoglu et al., 2006; Pellock et al., 2007; Tyler and Baker, 2007; Yu et al., 2010) . Ex, Mer and Kibra are adaptor proteins that localize to the sub-apical region of epithelial cells (Baumgartner et al., 2010; Boedigheimer and Laughon, 1993; Boedigheimer et al., 1997; Genevet et al., 2010; McCartney et al., 2000; Yu et al., 2010) . The imaginal disc phenotypes of flies carrying mutations in these genes are relatively weak compared with those of flies with mutations affecting downstream components of the pathway, such as hpo and wts. However, double mutant combinations of ex, mer and kibra show synergistic phenotypes that are more severe than those of the single mutants and that resemble those of hpo mutants (Baumgartner et al., 2010; Genevet et al., 2010; Hamaratoglu et al., 2006; Yu et al., 2010) . Ex, Mer and Kibra act genetically upstream of Hpo, form a complex in cultured cells, and colocalize in vivo (Baumgartner et al., 2010; Genevet et al., 2010; McCartney et al., 2000; Yu et al., 2010) . They connect directly to Hpo and Sav via multiple interactions between Ex and Hpo, Mer and Sav, and Kibra and Sav ; however, the way in which they regulate Hpo activity is not known. In addition, Ex can directly interact with Yki, thereby sequestering Yki from the nucleus and downregulating its activity (Badouel et al., 2009a; ). Ex, Mer and Kibra thus function together as an apical scaffold that promotes Hippo pathway activity.
Mer and Kibra are conserved in mammals and Ex has divergent homologs, although to date only Mer has been directly implicated in having a role in the mammalian Hippo pathway (Striedinger et al., 2008; Yokoyama et al., 2008; Zhang et al., 2010; Zhao et al., 2007) . Mer is required for contact inhibition in cultured mammalian cells (Curto et al., 2007; Lallemand et al., 2003; Striedinger et al., 2008) , it promotes nuclear export of Yap in response to contact inhibition (Striedinger et al., 2008; Zhao et al., 2007) , and it is required for Hippo pathway activity and to restrict Yap activity in the mouse liver . Mer/NF2 depletion in the mouse liver thus causes overgrowth phenotypes that are similar to those of mst1/2 double mutant mice (Benhamouche et al., 2010; Zhang et al., 2010) . Mammalian Kibra binds to Mer, and their co-expression results in synergistic phosphorylation of Lats1/2 in vitro Zhang et al., 2010) . Thus, mammalian Kibra and Mer may function together to regulate the Hippo pathway as they do in Drosophila.
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Box 2. Experimental evidence for Fat signaling and the polar coordinate model of growth control
The polar coordinate model predicts that increasing the steepness of the gradients, or the presence of juxtaposing cells with disparate expression levels, should induce growth, whereas flattening the gradients can reduce growth. Indeed, local ectopic expression of Ds or Fj in imaginal discs induces proliferation at expression boundaries while uniform expression of Ds and Fj leads to smaller flies that have smaller wings (Rogulja et al., 2008; Willecke et al., 2008) . Thus, the Ds and Fj gradients provide essential growth control information. However, artificial uniform expression of Ds and Fj does not completely eliminate growth, indicating that other, unknown mechanisms act in addition to Fat signaling to control tissue size (Rogulja et al., 2008; Willecke et al., 2008) . The polar coordinate model was initially developed to explain limb regeneration in insects and amphibians French et al., 1976; Lawrence et al., 2008) . Consistent with this mechanism, the Ds/Fj/Fat signaling module is essential for leg regeneration in the cricket Gryllus bimaculatus (Bando et al., 2009) . Crickets can regenerate amputated legs during their nymphal stages, when they grow through molting. Amputated legs precisely regenerate the missing piece, indicating that cells of the regenerating blastema are aware of their positional identity and stop proliferation when the missing part is regenerated. Cricket Ds and Fj are expressed in complementary gradients in each of the developing leg segments and are re-expressed in regenerating legs to recapitulate their embryonic expression patterns. Importantly, treatment of regenerating legs with RNAi against Fat or Ds results in loss of regenerative growth (Bando et al., 2009 ). Cricket leg regeneration thus provides an exciting opportunity to explore the regulation of the Hippo pathway in response to organ size control and regeneration. 
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Input from the cell polarity determinant Crumbs
The Drosophila Crumbs (Crb) protein was recently added to the Hippo pathway as a potential new receptor Ling et al., 2010; Robinson et al., 2010) . Crb is a large single-pass transmembrane protein with a short intracellular domain of 37 residues (for a review, see Bazellieres et al., 2009) . Crb localizes to the sub-apical region of epithelial cells and is part of the machinery that establishes and maintains apical-basal cell polarity. In contrast to its role in embryonic epithelia, Crb is not required for cell polarity in imaginal discs. However, discs that are mutant for crb overgrow and produce adult structures that are larger than normal Ling et al., 2010; Richardson and Pichaud, 2010; Robinson et al., 2010) . Loss of Crb causes upregulation of Hippo target genes, which requires Yki. Crb mutant cells lose Ex from the sub-apical membrane, and Crb and Ex directly interact in cultured cells Ling et al., 2010; Robinson et al., 2010) . Thus, Crb regulates growth of imaginal discs through the Hippo pathway by recruiting Ex to the sub-apical region of the plasma membrane. Notably, different motifs in the Crb intracellular domain are required to maintain cell polarity and to bind Ex Ling et al., 2010; Robinson et al., 2010) . Several observations suggest that Crb may function to transduce extracellular cues to the Hippo pathway. First, Crb is required for proper Crb localization on neighboring cells, indicating that it acts as a homophilic adhesion receptor (Izaddoost et al., 2002; Tanentzapf et al., 2000) . Second, Crb recruits Ex to the membrane autonomously through its intracellular domain and nonautonomously through the binding of Crb on neighboring cells . Hence, the membrane localization of Ex requires Crb-mediated cell-cell contact and is thus 'regulated' by Crb-dependent cell-cell signaling. These findings indicate that Crb acts as a cell-contact-dependent receptor that regulates growth by modulating Hippo pathway activity.
Vertebrates have three Crb homologs, all of which share some conservation with the intracellular domain of Drosophila Crb and which function in apical-basal polarity (Bazellieres et al., 2009 ). Crb3 has been implicated as a tumor suppressor in selected immortal mouse kidney epithelial cells (Karp et al., 2008) , but it is not known whether any of the vertebrate Crb homologs act through the Hippo pathway.
Regulation by the tumor suppressor Lethal giant larvae
The Lethal giant larvae (Lgl) cell polarity factor is part of the Discs large (Dlg) module of cell polarity determinants that also includes Scribble (Scrib) (reviewed in Humbert et al., 2008) . All three are adaptor proteins that localize to the basolateral membrane of epithelial cells and function interdependently to organize apicalbasal cell polarity. Mutations in lgl, dlg and scrib cause loss of basolateral markers and the expansion of apical markers, leading to defects in apical-basal cell polarity, and also result in massively overgrown imaginal discs. As such, they are referred to as 'neoplastic tumor suppressors'. However, the pathways through which they regulate growth are poorly understood.
Lgl has recently been linked to the Hippo pathway (Grzeschik et al., 2010) ; Lgl mutant clones in eye discs cause extra cell proliferation, reduced apoptosis, relocalization of Yki from the cytoplasm to the nucleus and up-regulation of Hippo target genes. These effects are significant, although not as strong as those observed for mutations in core Hippo pathway components. Increased cell proliferation in lgl eye disc clones occurs without loss of apical-basal polarity, indicating separable roles for Lgl in controlling cell proliferation and cell polarity (Grzeschik et al., 2007) . Notably, Ex is localized normally in lgl mutant cells but Hpo and Ras associated family protein (Rassf), an adaptor protein that binds to Hpo and modulates its activity in flies and vertebrates (Guo et al., 2007; Ikeda et al., 2009; Khokhlatchev et al., 2002; Polesello et al., 2006; Praskova et al., 2004) , are mis-localized (Grzeschik et al., 2010) . The molecular mechanisms that link Lgl to Hpo and Rassf localization are not known. Thus, although Lgl is a cell polarity determinant like Crb, it exerts its effect on the Hippo pathway in a manner that is different from that of Crb. Collectively, these observations suggest that multiple pathways modulate Hippo pathway activity in response to signals emanating from polarity complexes. (Zecca and Struhl, 2010) . (C)Vg in these newly recruited pouch cells induces Fj expression and causes suppression of Ds expression, which moves the Ds and Fj expression gradients outwards and leads to another cycle of signaling and recruitment of more neighboring cells, thereby further expanding the territory of the wing pouch (Zecca and Struhl, 2010) . This growth control model is specific for the Drosophila wing and it can partially explain the control of growth of the developing wing. Other unknown mechanisms must act in addition, as ds,fj double mutant flies can still produce small wings (Rogulja et al., 2008; Willecke et al., 2008) .
Whether other components of the Dlg complex affect the Hippo pathway in imaginal discs is unclear (Grzeschik et al., 2010) . Loss of Lgl, Scrib or Dlg causes upregulation of the Hippo targets cyclin E and diap1 in the ovarian follicular epithelium, although it is not known whether these effects require increased Yki activity (Zhao et al., 2008b) . Additional evidence that Dlg complex components regulate Hippo signaling comes from studies in zebrafish. A zebrafish homolog of Scrib genetically interacts with Yap during embryonic kidney development and suppresses Yap activity in cultured cells in a manner similar to Lats2, indicating that the link between cell polarity and the Hippo pathway may be conserved in vertebrates (Skouloudaki et al., 2009) .
Regulation by Ajuba
The mammalian Ajuba LIM proteins (Ajuba, LIMD1 and WTIP) and the single Drosophila ortholog Jub have recently been shown to be inhibitory regulators of Hippo signaling (Das Thakur et al., 2010) . The mammalian and Drosophila Ajuba proteins physically interact with Lats/Wts and with Sav1/Sav, and Ajuba inhibits Yap phosphorylation in response to Mst1 or Lats1/2 expression in cultured mammalian cells (Das Thakur et al., 2010) . Drosophila jub mutant imaginal disc cells grow poorly and show increased apoptosis, phenotypes reminiscent of yki mutant cells, and Jub acts genetically downstream of Hpo but upstream of Wts (Das Thakur et al., 2010) . The phenotype of jub mutant cells can thus be explained by the action of Jub on the Hippo pathway. By contrast, mammalian Ajuba proteins may have additional functions as they are able to interact with other proteins such as the Snail/Slug transcriptional repressors (Langer et al., 2008) .
Ajuba proteins are adaptors that localize to adherens junctions and are thought to link cell adhesive properties with nuclear responses (Langer et al., 2008; Marie et al., 2003) . Thus, Ajuba proteins may transduce signals that emanate at the plasma membrane to the Hippo pathway. Interestingly, Ajuba proteins require adherens junctions for their localization, and the formation of cell-cell contacts in confluent cultures promotes the recruitment of Ajuba to the membrane (Marie et al., 2003) . If membrane localization regulates the activity of Ajuba, then recruitment of Ajuba to adherens junctions may contribute to the contact dependent inhibition of cell proliferation by disabling the action of Ajuba on Wts/Lats, thereby allowing the Hippo pathway to repress Yki/Yap and cell proliferation. Analysis of how the activity of Ajuba is regulated may thus give new insights into the regulation of the Hippo pathway by extracellular signals.
Tissue-specific differences in upstream regulation
Strikingly, the requirement for Hippo pathway components differs between different Drosophila epithelia, such as imaginal discs and ovarian follicle cells (Meignin et al., 2007; Polesello and Tapon, 2007; Yu et al., 2008) . Although mutations in core pathway components (such as sav, hpo, wts and mats) show strong phenotypes in both tissues, the loss-of-function phenotypes of upstream regulators differ. In posterior follicle cells, loss of Mer and Kibra produces phenotypes that are as severe as those of hpo mutants, while their imaginal disc phenotypes are much weaker than those of hpo mutants (Baumgartner et al., 2010; Genevet et al., 2010; Hamaratoglu et al., 2006; MacDougall et al., 2001; Meignin et al., 2007; Milton et al., 2010; Pellock et al., 2007; Polesello and Tapon, 2007; Yu et al., 2008; Yu et al., 2010) . Conversely, loss of Ex produces only mild phenotypes in the ovary and Fat is entirely dispensable, but both show relatively strong phenotypes in imaginal discs (Bryant et al., 1988; Meignin et al., 2007; Milton et al., 2010; Pellock et al., 2007; Polesello and Tapon, 2007; Tyler and Baker, 2007; Yu et al., 2008) . Similarly, Fat and Ex play only minor roles in the pupal eye, unlike the larval eye disc (Milton et al., 2010) . In addition, upstream components such as Fat, Ex, Mer and Kibra can act partially redundantly in different tissues at different stages, which adds further complexity to the regulation of the Hippo pathway (Baumgartner et al., 2010; Genevet et al., 2010; Hamaratoglu et al., 2006; Maitra et al., 2006; Silva et al., 2006; Willecke et al., 2006; Yu et al., 2010) . Thus, the strength and identity of upstream inputs into the Hippo pathway differ between different tissues and developmental stages.
Multiple inputs in mammalian systems
Several other inputs into the mammalian Hippo pathway are known, in addition to those discussed above (Fig. 2B) . The mammalian Hpo kinase orthologs Mst1 and Mst2 were originally identified by virtue of their homology to yeast sterile 20 kinase (Creasy and Chernoff, 1995a; Creasy and Chernoff, 1995b) , and the first physiological function attributed to either Mst1 or Mst2 (also known as Krs1 or Krs2) was increased kinase activity in response to pro-apoptotic stimuli, such as staurosporine (Taylor et al., 1996) . Later, it was shown that oncogenic stress signals, such as those provided by activated Ras, also induced Mst1 activity, leading to apoptosis through an interaction with Rassf-like co-factors (Khokhlatchev et al., 2002) that relieve Mst1 inhibition by Raf-1 (O'Neill et al., 2004) . Other inputs reported to modulate mammalian Hippo signaling include DNA damage (Hamilton et al., 2009) , contact inhibition (Ota and Sasaki, 2008; Zhao et al., 2007) , F-actin depolymerization (Densham et al., 2009) and CD44, a cell-surface hyaluronan receptor . Taken together, these observations demonstrate that mammalian Hippo signaling can be regulated in cultured cells, and further suggest that the pathway might likewise be modulated in vivo, although direct evidence for stress-or oncogene-induced pathway activation in vivo is currently lacking.
Unlike in Drosophila imaginal discs, mammalian Hippo signaling activity appears to be non-uniform, at least in some tissues. Mechanisms employed affect the level of localized expression, nuclear accumulation and stability of the downstream effector Yap. For example, in the mouse embryo and in several adult tissues, Yap protein expression is spatially restricted, often exhibiting highest levels in stem and progenitor cells, as seen in the skin and intestine (for more on the role of Hippo signaling in stem and progenitor cells, see Box 3) (Camargo et al., 2007; Lee et al., 2008; Ota and Sasaki, 2008) . The mechanisms that control Yap levels in vivo are not known and may involve a combination of transcriptional and posttranscriptional mechanisms. Post-translational modifications affect Yap protein stability (Zhao et al., 2010b) and these may modulate Yap levels in vivo. Hence, differences in the levels of Yap expression may render cells more or less sensitive to alterations in the activity of upstream pathway components and can serve as an effective method of Hippo pathway modulation in vivo.
An example of Yap regulation by the Hippo pathway is seen in the pre-implantation mouse embryo when the outer trophectoderm (TE, which gives rise to the extra-embryonic lineages) and the inner cell mass (ICM, which gives rise to the embryo proper) are specified. A key regulatory factor in TE development is the homeodomain transcription factor Cdx2, which is expressed in trophoblast cells and is both necessary and sufficient for TE development. Cdx2 expression depends on selective nuclear localization of Yap in presumptive TE cells, and this localization is mediated by core Hippo signaling components (Nishioka et al.,
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Development 138 (1) REVIEW Development 138 (1) 2009). Yap localization also depends on the position of cells in the embryo: in cells exposed to the surface, Yap is in both the cytoplasm and the nucleus; in internally located cells, nuclear Yap is absent. When outer cells are manipulated to an internal location, nuclear accumulation of Yap is lost. Similarly, when inner cells are exposed to the embryo surface, Yap accumulates in the nucleus. Hence, cell position within the embryo, via an unknown mechanism, regulates Yap localization by blocking Hippo signaling activity. One possible signal is E-cadherin-mediated cell adhesion, which is required for patterned Yap localization. These studies are an excellent example of how Hippo signaling can function instructively rather than simply being a permissive pathway, the activity of which is constitutively required.
Multiple outputs of Hippo signaling
Depending on the context, Hippo signaling can suppress growth, mediate stress-induced apoptosis or regulate cell fate decisions. These diverse biological outcomes result from tissue and cell-type specific pathway outputs of Hippo signaling. At least two main mechanisms contribute to the different outcomes of Hippo signaling: first, Yki and its mammalian orthologs Yap and Taz have multiple binding partners; and second, the transcriptional output of Hippo signaling is cell-type dependent.
Roles of Scalloped and Yorkie in Drosophila
In Drosophila imaginal discs, the TEAD family transcription factor Scalloped (Sd) primarily mediates the function of Yki, which itself does not bind to DNA (Goulev et al., 2008; Wu et al., 2008; Zhang et al., 2008b; Zhao et al., 2008a) . Yki and Sd form a complex that directly binds to Hippo response elements in target genes, such as Drosophila inhibitor of apoptosis 1 (diap1) (Wu et al., 2008; Zhang et al., 2008b) . Co-expression of Sd with Yki in imaginal discs enhances overgrowth caused by Yki overexpression, and Sd depletion suppresses it (Goulev et al., 2008; Wu et al., 2008; Zhang et al., 2008b; Zhao et al., 2008a) . These and other findings led to a model in which Sd recruits Yki to Hippo pathway target genes, with Yki providing the co-activator function necessary for target gene expression. However, in reality the situation may be more complex than Sd simply being the dedicated Hippo pathway transcription factor.
For example, the phenotypes of sd and yki loss-of-function mutants are distinct. Sd is expressed at high levels in the developing wing pouch but not in dividing eye progenitor cells, and sd-null mutant cell clones grow poorly only in the developing wing pouch (Campbell et al., 1992; Liu et al., 2000) . By contrast, Yki is required in all imaginal discs for cell proliferation (Huang et al., 2005) . Thus, if Yki requires Sd to regulate Hippo pathway target genes, why does Sd not show the same requirement as Yki? One possible answer may be that Sd acts as a repressor without Yki. In this scenario, loss of Sd would result in a medium level of expression of target genes, whereas loss of Yki would result in suppression of target gene expression. Loss of Yki may thus produce a stronger phenotype than would loss of Sd. Alternatively, Yki may interact with additional transcription factors to regulate gene expression. Indeed, Yki also interacts with the Homothorax (Hth) transcription factor to regulate cell proliferation and expression of the bantam miRNA in the developing eye (Peng et al., 2009) and of Myc in the developing wing hinge (Ziosi et al., 2010) . However, Hth regulates only a subset of Yki targets in the eye, and other factors or mechanisms may thus exist to explain the actions of Yki.
Sd also has functions that are independent of Yki. In the developing wing, Sd forms a complex with the Vestigial (Vg) coactivator that acts as a wing selector gene by inducing the expression of genes important for wing development (Halder et al., 1998; Paumard-Rigal et al., 1998; Simmonds et al., 1998) . Notably, the sets of genes regulated by Yki and Vg are different, and whereas Sd/Vg regulates wing specification, Sd/Yki regulates growth. How, then, does Sd complexed with Vg regulate a different set of target genes than Sd complexed with Yki? It is possible that the two complexes bind to different target genes or that each complex requires other factors that bind DNA independently to regulate target gene expression. Notably, the interaction of Sd with Vg changes the DNA-binding specificity of Sd; thus, interaction of Sd with different co-factors may influence target gene selection (Halder and Carroll, 2001) . Clearly, additional work is required to solve this puzzle.
Roles of Yap and Taz in mammals
In mammals, an additional level of complexity is achieved by the existence of two Yki-related co-activators, Yap and Taz, which bind to the TEAD/TEF family of sequence-specific DNA-binding proteins, TEAD 1-4 (Chan et al., 2009; Vassilev et al., 2001; Zhang et al., 2009; Zhao et al., 2008b) . The TEAD proteins are required for many activities of Yap and Taz, including contact inhibition, epithelial-mesenchymal transition, transformation, apoptosis inhibition and trophectoderm development (Nishioka et al., 2009; Ota and Sasaki, 2008; Zhang et al., 2009; Zhao et al., 2008b) . In addition to TEAD, Yap can interact with other transcription factors (Zhao et al., 2010a) . For example, the pro-apoptotic effects of Yap are reported to occur via the binding of Yap to the tumor suppressor p73 (Strano et al., 2005; Strano et al., 2001) . The Yap/p73 complex localizes to the nucleus where it regulates known p73 targets, such as puma and p53AIP1, that stimulate programmed cell death. Intriguingly, both the pro-and anti-apoptotic effects of Yap have been shown to depend on upstream core components of the Hippo signaling pathway (Hamilton et al., 2009; Oka et al., 2008) . How
Box 3. Hippo signaling in stem cells and progenitor populations
Several lines of evidence suggest that Hippo signaling regulates the balance between pluripotent stem cells and lineage-restricted progenitor pools in mammals. First, Yap protein expression and nuclear localization are found to a greater degree in the intestinal crypts and the basal layer of the skin, where stem and progenitor cells reside, in both adult humans and mice (Camargo et al., 2007; Lam-Himlin et al., 2006) . Second, in both mouse adult skin and intestinal epithelia, the attenuation of Hippo signaling expands the progenitor pool at the expense of differentiated cells (Camargo et al., 2007; Lee et al., 2008) . Hippo signaling has also been reported to modulate stem cell proliferation in the regenerating Drosophila intestinal epithelium (Staley and Irvine, 2010) . Third, overexpression of Yap or inhibition of Mst1/2 in the developing neuroepithelium of chick embryos expands the pool of neural progenitors in the spinal cord (Cao et al., 2008) . Fourth, inactivation of either Sav1 or Mst1/2 in murine hepatocytes leads to activation of oval cells, a facultative progenitor population that is thought to derive from resident liver stem cells Lu et al., 2010) . Likewise, conditional deletion of Mer/Nf2 in the mouse liver results in oval cell expansion and an increased liver to body weight ratio (Benhamouche et al., 2010; Zhang et al., 2010) . Finally, in mouse embryonic stem cells, Yap promotes pluripotency and inhibits differentiation in a Lats1/2dependent manner (Lian et al., 2010) . These observations reflect a role for Hippo signaling in maintaining the balance between stem, progenitor and differentiated cells although the way in which it does this remains to be determined.
Yap selectively induces cell death by interacting with p73 in some contexts while repressing apoptosis in other situations through TEAD binding is unclear. One possibility is that context-dependent post-translational modification of Yap allows for selective choice of interaction partners.
Taz also has specific binding partners, some of which are shared with Yap (reviewed in Wang et al., 2009) . For example, Taz promotes osteoblast differentiation of mesenchymal stem cells by binding to and potentiating Runx2 activity, while simultaneously inhibiting adipocyte differentiation by complexing to and inhibiting Ppar-mediated transcription (Hong et al., 2005) . Yap can also bind to Runx2 (Zaidi et al., 2004) , but is unable to bind to Ppar. Whether upstream core Hippo signaling components modulate Taz activity in the context of mesenchymal stem cell differentiation has not been explored, but these findings suggest that Taz interacts with a variety of sequence-specific binding proteins, some in common with Yap, and some distinct. This probably contributes to different Hippo signaling outputs in different contexts.
Tissue-specific transcriptional responses
Transcriptional targets of Yap/TEAD or Taz/TEAD have been identified in mammalian cells by microarray profiling of fibroblasts, mammary epithelial cells and hepatocytes (Dong et al., 2007; Hao et al., 2008; Lu et al., 2010; Overholtzer et al., 2006) . Interestingly, although there are common Yap/Taz/TEAD targets among the genes identified, most appear to be cell-type specific. Similarly, in Drosophila, Hippo pathway output shows cell type variation. For example, in eye and wing imaginal discs, Hippo signaling regulates genes involved in proliferation and apoptosis, such as cyclin E, diap1 and bantam (Harvey et al., 2003; Jia et al., 2003; Kango-Singh et al., 2002; Nolo et al., 2006; Pantalacci et al., 2003; Tapon et al., 2002; Thompson and Cohen, 2006; Udan et al., 2003; Wu et al., 2003) but in wing discs it also regulates vg and wg expression (Cho and Irvine, 2004; Zecca and Struhl, 2010) , and in differentiating photoreceptor cells, Hippo signaling regulates the expression of specific opsin genes (Mikeladze-Dvali et al., 2005) . In addition to growth, Hippo signaling also regulates cell morphology in imaginal discs, where it regulates the size of the apical domain (Genevet et al., 2009; Hamaratoglu et al., 2009 ). Hence, in both mammals and flies, the biological outputs of Hippo signaling can vary depending on when and where the pathway is deployed.
Conclusions
The emerging picture of the Hippo pathway is that of a pleiotropic pathway that is used for multiple aspects of signaling during development. When activity of this pathway is attenuated pathological phenotypes, such as cancer, can arise. Thus, the Hippo pathway has context-dependent roles and regulates different sets of downstream target genes in different cell types. In addition to Hippo signaling having pleiotropic effects, it has been shown that Hippo pathway components are dedicated not only to the Hippo pathway but that they also mediate crosstalk with other pathways. Recent examples include the Wnt, TGF and BMP pathways. Taz can inhibit Wnt signal transduction by binding to the Wnt pathway component Dvl (Varelas et al., 2010) , while Taz binding to the TGF signal transducing Smad2/3 complex couples it to the transcriptional machinery (Varelas et al., 2008) . In addition, binding of Yap to Smad1 enhances BMP signaling (Alarcon et al., 2009) . Given its contextual dependency, Hippo signaling is not strictly involved in regulating cell proliferation, cell survival and growth alone, but is also involved in the regulation of cell type specification and differentiation. Clearly, much work needs to be done to understand the multiple roles of the Hippo pathway during development and disease. One of the most pressing unknown issues is still the question of upstream regulatory mechanisms and signals: do global organ growth controlling signals act via the Hippo pathway to regulate growth and regeneration? Given the pace of discoveries in the Hippo field, we can expect many new insights into this pathway in the near future.
Note added in proof
Two recent papers reveal further details about the function of the Hippo pathway during Drosophila midgut regeneration (Shaw et al., 2010; Karpowicz et al., 2010) . Together with the report by Staley and Irvine (Staley and Irvine, 2010) , these papers show that Jun N-terminal kinase signaling activates Yki in differentiated midgut cells in response to tissue damage. Yki then drives the expression of cytokines, which activate Janus kinase/Signal transducer and activator of transcription signaling in nearby intestinal stem cells, stimulating their proliferation. In addition, Yki plays a cell-autonomous role in intestinal stem cells, where it is activated upon tissue damage and required for the regenerative proliferation of intestinal stem cells (Shaw et al., 2010; Karpowicz et al., 2010) . These reports thus reveal cell-autonomous and non cell-autonomous functions of the Hippo pathway in regulating intestinal stem cell proliferation during regeneration, and also provide an example of regulated Hippo activity.
